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into the specific questions that 
must be addressed. Second, 
there remains the pressing 
question of how to define 
biofilm-specific phenotypes and 
their genetic and epigenetic 
origins. And finally, we see the 
interactions between species in 
biofilms as a key area for future 
exploration, providing insight 
into evolution and ecology, while 
yielding therapeutic and probiotic 
strategies.
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Interactions 
between 
circadian rhythm 
and immunity 
in Drosophila 
melanogaster
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Janelle S. Ayres1,3, and David S. 
Schneider1,4
In mammals, disrupted circadian 
rhythm is often correlated with 
infection and disease [1] and 
immunity can be specifically 
affected by circadian rhythm [2]. 
The molecular underpinnings of 
these interactions are unclear. 
Drosophila is a proven system 
for the study of both circadian 
rhythm [3] and innate immunity 
[4]. Microarray analyses of 
the fly have shown that the 
transcription of several immunity 
genes [5–8] is regulated in 
a circadian manner, but the 
significance of this regulation is 
not known. Here we demonstrate 
a functional, bidirectional 
relationship between circadian 
rhythm and innate immunity in 
Drosophila melanogaster. We 
show that fruit flies infected 
with the pathogenic bacteria Streptococcus pneumoniae or 
Listeria monocytogenes lose 
circadian regulation of locomotor 
activity several days before death 
and that circadian mutant flies 
(lacking either timeless or period, 
two central clock proteins in 
Drosophila) are highly sensitive to 
infection with these bacteria.
We first found that flies 
infected with S. pneumoniae 
(Figure 1) exhibit disrupted 
circadian rhythm. Healthy flies 
(media- injected) entrained by 
a circadian light–dark cycle 
have oscillatory rest–activity 
patterns in the dark (Figure 
1A); they alternate between 
approximately twelve hours 
of high activity (‘day’) and low 
activity (‘night’), as measured by 
the number of movements per 
five-minute interval. In contrast, 
sick flies move constantly 
and lose circadian regulation 
of locomotion (Figure 1B). 
By chi- squared periodogram 
analysis, 81.25% of healthy flies 
were rhythmic whereas 0% of 
infected flies were rhythmic. 
Specifically, we found that sick 
flies do not sleep well. Sick flies 
do not lose circadian rhythm 
due to excessive lethargy or 
hyperactivity; when we quantify 
total number of movements 
per day, sick flies do not move 
significantly more or less 
than healthy flies (p = 0.5003, 
Mann- Whitney test). Instead, 
sick flies have fewer sleep bouts 
(defined as a five-minute interval 
without activity) than healthy  
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Figure 1. Flies lose circadian rhythm when infected with a lethal dose of S. pneumoniae. 
Shown here are examples of locomotor patterns for wild-type (Canton S) flies injected 
with (A) PBS or (B) S. pneumoniae. Sick flies do not sleep as well as healthy flies; these 
graphs show the lengths of continuous sleep sessions for flies injected with (C) PBS or 
(D) S. pneumoniae. Sick flies sleep for significantly shorter lengths of time than healthy 
flies (p < 0.0001 by Mann-Whitney test, n = 16 healthy flies and 13 sick flies, using 1881 
x five-minute interval recordings from each fly).
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Figure 2. Circadian mutant flies resemble sick flies and are immunocompromised. 
Shown here are examples of locomotor patterns for (A) uninjected Canton S flies and 
(B) uninjected tim01 mutant flies. tim01  mutant flies exhibited shorter sessions of con-
tinuous sleep than wild type (p < 0.0001, Mann-Whitney test, n = 9 wild-type and 8 
mutant flies, using 1881 x five-minute interval recordings from each fly).  Circadian 
mutants are also sensitive to infection by lethal pathogens.  Shown here are survival 
curves of (C) wild-type flies (squares, n = 40), tim01 mutant flies (diamonds, n = 38), 
and tim01 rescued flies (triangles, n = 39) infected with S. pnuemoniae; (D) wild-type 
flies (squares, n = 69) and per01 mutant flies (diamonds, n = 86) infected with S. pneu-
moniae; and (E) wild-type flies (squares, n = 84) and per01 mutant flies (diamonds, n = 
85) infected with L. monocytogenes. In each case, circadian mutants died significantly 
faster than wild-type flies (p < 0.0001 for all by log rank analysis).flies (p < 0.0001, Mann-Whitney 
test) and have shorter sessions 
of continuous sleep than healthy 
flies (Figure 1C,D; p < 0.0001, 
Mann- Whitney test). Similar 
results were obtained for flies 
infected with a second lethal 
Gram-positive pathogen, Listeria 
monocytogenes (Figure S1 in 
Supplemental data published with 
this article online). In the longer 
time course of L. monocytogenes 
infection, flies appear to lose 
circadian rhythm a few days 
before death.
Though we do not know 
whether the central clock 
(circadian gene transcription in 
the fly brain) is disrupted in these 
sick flies, the disrupted circadian 
locomotor pattern observed in 
infected flies resembles that seen 
in circadian mutant flies. timeless 
(tim) and period (per) are key 
regulators of circadian rhythm in 
the fly; loss of either gene causes 
animals to be arrhythmic when 
kept in dark conditions. Similar 
to sick flies, tim01 mutants move 
throughout the day and night (Figure 2B, compare with wild 
type, Figure 2A). Like sick flies, 
tim01 mutants have fewer sleep 
bouts and shorter sessions of 
continuous sleep than wild- type 
flies (p < 0.0001 for both, 
Mann- Whitney test).
We found that these 
circadian mutant flies are 
immunocompromised. tim01 and 
wild-type flies were infected with 
a lethal dose of S. pneumoniae 
and monitored for survival time. 
tim01 mutants died significantly 
faster than control flies (Figure 2C; 
p < 0.0001, log rank analysis 
comparing wild-type and 
mutant flies, n = 40 flies each). 
Furthermore, the tim01 phenotype 
is partially rescued by one copy of 
a transposable element carrying 
the wild-type tim gene under 
the control of its own promoter, 
confirming that the tim mutation 
is the cause of the phenotype 
(p = 0.1786, log rank analysis 
comparing wild- type with rescued 
flies, n = 40 flies each).
This phenotype is not specific 
to tim01 or S. pneumoniae infection. per01 mutants, like 
tim01 mutants, died significantly 
faster than control flies when 
infected with a lethal dose of 
S. pneumoniae (Figure 2D; 
p < 0.0001, log rank analysis 
comparing wild-type and mutant 
flies, n = 70–80 flies). We also 
found that both per01 and tim01 
mutants were sensitive to 
infection by L. monocytogenes 
(p < 0.0001, log rank analysis 
comparing wild-type and mutant 
flies, n = 80 flies each; per01, 
Figure 2E; tim01, Supplemental 
data, Figure S1D). Thus, two 
circadian mutants (lacking 
either timeless and period) are 
immunocompromised with regard 
to two Gram-positive bacterial 
pathogens, suggesting that 
these circadian genes regulate 
the innate immune response in 
Drosophila.
Circadian rhythm and sleep 
have long been thought to 
play a complex role in learning 
and memory; in recent years, 
circadian regulatory genes 
have been further implicated in 
immune function. In mice, loss 
of period causes predisposition 
to cancer [9] and resistance to 
LPS-induced shock [10], similar 
to tlr4 mutant mice which are 
resistant to LPS- induced shock 
[11]. Here we establish the fruit 
fly as a system for studying the 
interactions between circadian 
rhythm and innate immunity. 
We have shown that infection 
causes loss of circadian 
locomotor activity; it will be 
interesting to examine the effects 
on circadian gene expression. 
Similarly, we have shown 
that circadian mutants have 
immune phenotypes; it is not 
known whether circadian genes 
play a direct or indirect role in 
regulating innate immunity. We 
speculate that lethally infected 
flies are trapped in a fatal loop: 
pathogenesis causes loss of 
circadian rhythm and loss of 
circadian rhythm potentiates 
pathogenesis, leading inexorably 
to death. Given the conservation 
of both circadian and innate 
immune signaling pathways 
between flies and vertebrates, we 
anticipate that use of this system 
will have significant implications 
for vertebrate immunity.
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Female-led 
infanticide in wild 
chimpanzees
Simon W. Townsend1,  
Katie E. Slocombe1,  
Melissa Emery Thompson2,  
and Klaus Zuberbühler1
Male chimpanzees are well known 
for their violent behaviour towards 
conspecifics [1,2]. In contrast, 
females are rarely aggressive and 
lead relatively secluded lives. 
We report here observations of 
lethal aggression in the form of 
infanticide perpetrated by resident 
females of the Sonso community, 
Budongo Forest, Uganda [3]. One 
observed and two inferred cases 
demonstrate that sex differences 
in aggressive propensities in our 
closest living primate relative may 
be much less pronounced than 
originally thought.
Infanticide has been 
documented in many primate 
species, but is overwhelmingly a 
male behaviour, presumed to be 
an outcome of sexual selection 
[4]. In chimpanzees, infanticide 
by males has been documented 
at all long-term study sites [5]. 
Female involvement is rare with 
the exception of cannibalisations 
of at least three infants by 
Gombe females Passion and 
Pom in 1975–1976 [1]. Initial 
speculations were that this was 
pathological behaviour or a way 
of obtaining nutritional advantage 
[1]. More recent observations 
of intense aggression by 
high-ranking Gombe females, 
including apparent attempts at 
infanticide, led to the hypothesis 
that increased competition for 
resources can lead to violent 
behaviour among females [6]. 
Our observations provide the 
first direct evidence for this 
hypothesis.
On 3 February 2006, KS and 
ST observed an attack by six 
resident females on an unknown 
female with a one-week-old infant. 
When observers encountered 
the mother, she was screaming 
and had a bleeding wound on her 
genital region. As she fled, she 
was pursued by the attackers; 
five of which had clinging infants 
themselves. The females caught 
the stranger female and pounded 
her back while she crouched, 
shielding her infant. During the 
attack, three adult males from the 
community displayed, buttress 
drumming and screaming. They 
did not join the attack; in fact 
one old male (Maani) repeatedly 
attempted to force the females 
apart. After approximately 10 
minutes, the attackers removed 
the infant from the mother (who 
has not been seen since) and 
the alpha female (Nambi) gained 
possession. After competition 
over the infant, a second resident 
female (Zimba) held it and 
delivered a bite spanning its head 
and neck, likely the killing wound 
(see video in the Supplemental 
data available on-line with this 
issue). A resident male (Bwoba) 
immediately charged Zimba and 
hit her in the face, then Maani 
chased her away, while she was 
still holding the infant. We later 
recovered the infant carcass; it 
showed significant injuries to the 
side of the head and neck but no 
sign of attempted consumption.
We have strong circumstantial 
evidence for two similar events 
within the Sonso community. 
On 12 March 2004, KS heard 
prolonged screaming and found 
females competing over a carcass 
of an approximately one-week old 
infant. At first, adult female Zimba 
had possession of the carcass, 
but then the alpha female Nambi 
took and retained it for one hour, 
allowing three other females to 
inspect it. Again, the carcass 
was not consumed but had four 
significant punctures to the head. 
Ongoing endocrine study ruled 
out all resident chimpanzees as 
mothers of the infant [7]. Instead, 
we observed a recent immigrant 
female, the presumed mother, 
crouching near the attackers with 
a 5–8 cm gash to her upper arm. 
We concurrently observed one 
resident male displaying about 20 
metres from the fighting females, 
but he showed no interest in the 
infant.
On 2 July 2006, field-assistants 
responded to chimpanzees’ 
screaming consistent with another 
attack. After arrival, they identified 
the presumed victim, the female 
Mukwano, who was known to be Supplemental data
Supplemental data including  
experimental details are available at 
http://www.current-biology.com/cgi/
content/full/17/10/R353/DC1
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